Inbred lines extracted by single seed descent (129 SSD families) and by dihaploidy (60 DH families) from a cross of a flue cured (SCR) and an air cured burley (S3) variety of tobacco have been compared in a completely randomised experiment at two planting densities (normal and double) for 11 characters including yield. The basic generations (parental varieties, F1, F2 and first backcrosses, B1 and B2) were also included to provide contemporary genetical controls.
INTRODUCTION
Since the discovery of the anther culture technique in Datura innoxia (Guha and Maheshwari, 1964; 1966) it has been used to produce a large number of dihaploids in many species and its potential for breeding improved plant varieties is being examined in a number of economically important crops. One important question, however, remains unresolved, namely, whether the peformance of dihaploid (DH) lines is comparable with that of the inbred lines produced by conventional inbreeding.
Reduced vigour has been widely reported among DH lines of flue-cured tobacco derived from inbred varieties and F1 crosses relative to their source material, the parents of a cross or random samples of inbred lines derived from the same F1 by more conventional means (Burk et a!., 1972; Burk and Matzinger, 1976; Arcia eta!., 1978; Brown and Wernsman, 1982; Brown et a!., 1983; Schnell et a!., 1980) . The F1 and F2 families produced by crossing [)H's have been reported to show reduced vigour compared with the corresponding families produced by crossing conventionally produced inbred lines, as have also second cycle DH lines when compared with first cycle DH's (Brown et aL, 1983) . There have been comparable reports of reduced vigour based upon the same kinds of comparisons with burley varieties of tobacco (Collins et aL, 1973; Oinuma and Yoshida, 1974; Kasperbauer eta!., 1983) . But with these varieties there have also been reports of no significant differences between the performance of DH's and their source material (Denton et a!., 1982) .
On the simpler genetical models, which assume no epistasis and no linkage disequilibrium, random samples of inbred lines derived from a cross by single seed descent and dihaploidy are expected to have the same phenotypic distributions about the same mean which is also the mean of the original parents of the cross (Jinks and Pooni, 1981) . For this reason the observed differences between the statistics, which describe the phenotypic distributions of the two samples of inbred lines, have been attributed to non-genetical causes or to failure of the underlying assumptions of no selection during the derivation of the inbred lines and no residual heterozygosity in the conventional inhreds or in the inbred parents of the original cross (see Interpretation and Conclusions). If, however, the simpler genetical models are inadequate there are conventional genetical explanations of the differences whose validity can be tested by biometrical genetical analyses of the early generations of a cross (Jinks and Pooni, 1981 ).
To examine further the incidence of reduced vigour in dihaploids of tobacco and to investigate its genetical or non-genetical origin we have compared random samples of inbred lines derived from a cross between a flue cured variety (SCR) and a burley variety (S3) by single seed descent and dihaploidy. Eleven characters including yield have been investigated the genetical basis of which in this cross have already been established by Coombs (1980) and the authors.
MATERIALS AND METHODS
The tobacco (Nic'oiiana tabacum) materials used in this investigation were derived from an original cross between two commercial inbred varieties, SCR, a German flue-cured variety which was bred sample has the higher mean, which for most characters implies greater vigour, for more than half the characters. Furthermore, of the ten significant differences between the SSD and DH means, the DH mean was the greater for six. In all of the nine combinations in which the mp value is not significantly different from the means of the SSD and DH samples of inbred lines, these two means are also not significantly different from one another. Similarly, of the thirteen combinations in which the mp value is significantly greater (7) or smaller (6) than the means of the SSD and DH samples of inbred lines, these two means also differ significantly in ten combinations.
There is, therefore, a very strong correlation between the occurrence of significant differences between the means of the SSD and DH samples of inbred lines and between these means and the mp value. This implies a common cause (see Interpretation and Conclusions).
The total variation within the SSD and DH samples of inbred lines can be partitioned into within and between family mean squares for each combination of character and density. By assuming that the inbred lines are completely homozygous (see Materials and Methods) we can estimate the additive genetic D, and additive environmental E, components of variation as the between and within family components of variance, respectively. We can further test whether these estimates of D and E are the same for the SSD and DH samples of inbred lines using the maximum likelihood procedure described by Pooni, Jinks and Pooni (1980) . The results of this test (table 3) show that a model which assumes that the D's are the same for both samples is satisfactory for all character density combinations except Hi and LL in both densities. For Hi the SSD sample has a significantly larger D while for LL it has a significantly smaller D.
There are nine character-density combinations out of 22 where a model which assumed that the E's are the same in the SSD and DH samples of inbred lines has failed (table 3). For seven of these, the two exceptions being FT at the normal density and LN at the double density, the E for the SSD sample is the larger. Since the SSD sample is not expected to be completely homozygous like the DH sample, being a mixture of F6, F7 and F5 families, the larger E probably arises from the genetic segregation within families resulting from the residual heterozygosity. The parental, F1, F2 and first backcross families were subjected to the standard biometrical genetical analyses to determine the genetical components of the means and variances (Mather and Jinks, 1982 All non-significant at P> 1)05 Table 4 The observed rank orders of the mid-parental value (mp) and the means of the SSD and DH samples of inbred lines for each of the 11 characters x 2 density combinations, the categorisation of the rank orders and the results of tests for the presence of non-allelic interaction, a linkage disequilibrium of interacting genes and higher order interactions With the possible exception of (v) all these explanations lead to the expectation that the DH sample would be the less vigorous of the two. This is clearly not the case and any adequate explanation must account for the DH mean being the larger for some characters, the smaller for others and the same for the remainder. The alternative explanations of Jinks and Pooni (1981) based upon the nature of the genetical control of each character would, therefore, appear to be more appropriate.
These in summary are as follows: which include seven of the 11 characters in one or both densities, the three means do not differ significantly as expected on the simpler genetical models. For these combinations, which exclude only three leaf characters (LL, LB and LN) and one height measurement (HFT); we have, therefore, no reason to believe that there has been a failure of any of the assumptions underlying a simple genetical model and we can rule out all the special explanations put forward to account for the reduced vigour of dihaploids.
In two further combinations (category 2 in table 4) the only inequality between the three means is that mp is significantly smaller than one or both of the SSL) or DH sample means. For Hi, where mp is significantly smaller than both means (P= 0.01 0OO1), this is as expected since the [i] (Jinks and Perkins, 1969; Jinks, 1978) . This model fails for six of the ten combinations, namely, LL, LB, FT, HFT and LN at the normal density (ND) and HFT at the double density (DD). These are six of the seven combinations where the difference in the means of the S.SD nd DH samples is significant at P<0.01 (ubie -+).
It could, of course, be argued that the failure of the model in the six combinations arises solely from the highly significant difference between the means of the SSD and DH samples and hence it is not independent evidence for the presence of a linkage disequilibrium of interacting genes or higher order interactions. This explanation is, however, made much less likely by the failure of the digenic interaction model even when we reduce the sensitivities of the tests by including only one of the two means in the analysis, which is the case for three of the six combinations (LL, LB and HFT at the normal density).
Because the test for the inadequacy of a digenic interaction model is less sensitive than that for the differences between the three means (mp, SSD and DH) and the two causes of failure, trigenic interaction and a linkage dis-equilibrium of interacting genes are confounded, we cannot obtain clearer evidence of the cause of the inequality of the three means using the present data. We can however divide the cases of inequality into three categories (3, 4 and 5 in table 4) corresponding with the theoretical expectations given earlier, namely the DH mean intermediate (category 3), the mp value intermediate (category 4) and the SSD mean intermediate (category 5). There are no unambiguous examples of categories 3 and 4 and category 5 is by far the most common. This is the category in which there must be a substantial proportion of the interacting genes which are unlinked and the contribution that they make to the mean must be opposite in sign to that made by those that are linked. This could arise because the linked and unlinked interacting genes are displaying different types of interaction, for example, complementary and duplicate or because they are distributed in different phases in the parental lines, for example, association and dispersion.
Only two of the 11 characters show any evidence that the genotypic distribution around the mean differs significantly between the SSD and DH samples of inbred lines (table 3) . For one of these characters Hi there is no evidence that the means differ (tables 2 and 4). Either, therefore, the difference (D551)> DDH) is due to sampling error or there is an excess of repulsion linkages involving non-interacting genes only (Mather and Jinks, 1982) . For the other character LL, the means differ significantly and from the model fitting to the means there is evidence of positive non-allelic interactions and of a linkage disequilibrium involving interacting genes (table 4). Since DSSD < Dr. the predominant phase must be coupling.
In conclusion, therefore, our analyses show that for many characters there are no significant differences in mean and variance between SSD and DH samples of inbred lines and for most characters there is no suggestion that the DH sample is showing reduced vigour. It is quite clear that the relationship between the properties of the SSD and DH samples of inbred lines is character specific and can be related to the genetical cont,rol of the character as revealed by independent genetical analysis. Where there is a significant difference between the means of the SSD and DH samples of inbred lines and between these and the midparent value we expect to find non-allelic interactions and a linkage disequilibrium of interacting genes and within the limitations of the data we have found both.
